Background: Health assessment of the transplanted organ is very important due to the relationship of long-term survival of organ transplant recipients and health organ maintenance. Nowadays, the measurement of cell-free DNA from grafts in the circulation of transplant recipients has been considered a potential biomarker of organ rejection or transplant associated complications in an attempt to replace or reduce liver biopsy. However, methods developed to date are expensive and extremely time-consuming. Our approach was to measure the SRY gene, as a male organ biomarker, in a setting of sex-mismatched female recipients of male donor organs. Methods: Cell-free DNA quantization of the SRY gene was performed by real-time quantitative PCR beforehand, at the moment of transplantation during reperfusion (day 0) and during the stay at the intensive care unit. Beta-globin cell-free DNA levels, a general cellular damage marker, were also quantified. Results: Beta-globin mean values of patients, who accepted the graft without any complications during the first week after surgery, diminished from day 0 until patient stabilization. This decrease was not so evident in patients who suffered some kind of post-transplantation complications. All patients showed an increase in SRY levels at day 0, which decreased during hospitalization. Different complications that did not compromise donated organs showed increased beta-globin levels but no SRY gene levels. However, when a donated organ was damaged the patients exhibited high levels of both genes.
Introduction
Liver transplantation is a safe and effective treatment for end-stage liver disease. About 6,000 liver transplants are performed in the U.S. each year while another 5000 transplants are included annually in the European Liver Transplant Registry. Prevention and treatment of procedure complications have led us to achieve successful results.
The most frequent complications during the first year are infections and techniques as well as acute cellular rejection that compromise function and graft survival. Most of them are vascular and biliary complications, acute rejection, primary malfunction and dysfunction, as well as the recurrence of HCV [1] .
The utility of current liver biomarkers in liver evaluation of transplantation continues to be limited. Thus, they lack specificity when both a lytic (elevated GOT and GPT) or cholestatic (elevated GGT, alkaline phosphatase and Bilirubin) pattern prevails. Differential diagnosis includes vascular or biliary complications, acute rejection, immunosuppressive drug toxicity, preservation injury and infection. Liver biopsy provides diagnostic confirmation of many graft complications although it involves a risk of morbidity (1%) and mortality (from 0.1 to 0.01%) for the patient [2] . Besides, the pathological diagnosis is delayed several hours after sample collection, and, on some occasions, the treatment is initiated in the absence of histological confirmation.
Considerable effort has been made to develop non-invasive techniques that might replace or reduce the need for performing liver biopsies, focusing on monitoring liver functions to detect the onset of graft injury and complications. Thus, several possible biomarkers have been described, either blood (IL, biliary acids, TNF, ICAM-1, hialuronic acid, eosinophilia, B2-microblobulin) or biliary markers (IL-2, IL-6, ICAM-1, cellularity changes). Unfortunately, none of these has provided enough sensitivity and specificity to be reliable biomarkers that permit avoiding histological studies [3, 4] . Currently, studies are focused on directly assessing transplanted organ health. Therefore, instead of monitoring the immune response of an organ recipient, techniques are being developed that inform directly on the health and function of the graft.
Cell free DNA (cfDNA) has been exhaustively studied in the last years as a potential diagnostic, prognostic and monitoring tool in a variety of clinical situations [5] . cfDNA from grafts in the circulation of transplant recipients may be a potential biomarker of organ rejection or transplant associated complica-tions. Thus, instead of monitoring the recipient's immune response we might directly interrogate the health of the donated organ. Recently, Snyder et al reported an increase in specific heart donor cfDNA in the circulation of stable heart transplant recipients during rejection episodes [6] . They developed a sequence based on a technique that involves measuring the signature of dying cells from the organ in the circulating cfDNA in the recipient's plasma. These authors identified a unique genomic DNA signature from the donated organ (compared with the recipient's genome) and they monitored the cfDNA level from the transplanted organ over time to detect possible changes in the donor cfDNA level that correlated with organ health. More recently, the measurement of circulating donor cfDNA by digital PCR expressed by the percentage of plasma circulating cfDNA in relation to that from the recipient has been described [7] . However, to be clinically useful the methods used for the detection of graft cfDNA must not only be specific and sensitive, but they must also be cost-effective and should possibly be performed in a short period of time to be a useful tool for clinicians during the evaluation of transplanted patients. Therefore, some methods described to date are extremely time-consuming and expensive to perform. Some research groups have identified cfDNA in sex-mismatched female recipients of male donor organs, where the chromosome Y can serve as the donor genetic signature. The clearest evidence has come from renal transplantation, where donor-specific chromosome Y has been detected in recipient urine and plasma [8] [9] [10] [11] . Despite this approach limiting the study to the cases in which a woman receives a transplant of donor male, it is a reliable method that may be performed in routine biochemistry analysis in/after only 3 hours for evaluation of transplanted patient
The aim this study was to evaluate the usefulness of quantifying specific liver cfDNA in the serum of transplanted patients as a non-invasive diagnostic genomic biomarker in the early diagnosis of graft function and complications. The SRY gene, a specific Y-chromosomal gene, has been described as a useful tool for the detection of fetal gender in maternal plasma as well as other chromosome Y genes such as the SRY, DYS14 and DAZ genes [12, 13] . The determination of SRY and DYS14 sequences together is an accurate approach for qualitative diagnosis with sensibilities up to 98%. However the choice of DYS14 gene for quantitative analysis is not appropriated because this gene is present in the genome in tandem with uncertain copy number. Opposite to that one copy of SRY gene is present in the cell genome and may offer a more adequate quantization without interpersonal bias. Besides, SRY sequences have been detected in women's urine and plasma on renal transplantation of sex-mismatched donor-recipients [8] . Thus, in this study we chose the SRY gen as a male organ biomarker in a setting in which the donor was male and the recipient female. We also attempt to associate SRY circulating levels with the clinical evolution of the patients so as to assess its usefulness in the monitoring of post-transplantation liver damage.
Materials and Methods

Study Subjects
All consecutive women patients undergoing male liver orthotopic transplantations at the Virgen del Rocio University Hospital in Seville were included in the study. When patients were included in the liver transplant waiting list, they were informed about the study, and they signed a consent form when they were included in the study. Our study included 10 liver transplantation patients who underwent their operations between January 2012 and December 2013. General characteristic of the patients are shown in Table 1 . Patients who underwent orthotopic liver transplantation fulfilled the following inclusion criteria: a) be over 18 years old, b) sign the informed consent, c) be a female recipient d) receive a male liver transplantation. One patient (patient 10), although she had suffered a first transplantation from a female donor, was later re-transplanted with a male one and therefore, was also included in the study.
During surgery, a blood sample from the central circulation were collected both before and 15 minutes after reperfusion of the new implanted organ. Patients were evaluated clinically and biologically during their Intensive Care Unit (ICU) stay and once they were discharged in doctors' visits. Blood samples were drawn daily during the first three days, and after that samples were taken each two or three days. At this time points a 10 mL blood sample was drawn by peripheral venipuncture to motinor the circulating DNA as well other blood samples for standard biochemical, haematologic and coagulation parameters analyses, and inmunosupressive drug levels determination. In all cases, serum samples were centrifuged within 6 hours after removal and a serum sample was aliquoted and frozen at 280uC for future determination of circulating DNA. During the first week patients also underwent daily abdominal Doppler-ultrasound. After the first week patient evaluation was carried out every 48 hours.
The following post-liver transplantation complications were considered: a) the diagnosis of a vascular complication (portal, hepatic vein or hepatic artery thrombosis) established on the basis of angioCT findings; b) the diagnosis of a biliary complication (stricture, leak, etc) established on the basis of ultrasound, colangioMR and ERCP findings; c) the diagnosis of an acute rejection established on the basis of histopathologic findings in graft biopsy; d) the diagnosis of Graft dysfunction or malfunction established on the basis of biochemical parameters and clinical significance.
Ethics Statement
Ethical approval for the study protocol was granted by the Medical Research Ethics Board of the Virgen del Rocío University Hospital at Seville. The clinical investigation was conducted according to the principles expressed in the Declaration of Helsinki.
DNA extraction from serum samples
DNA from 400 mL of serum samples was extracted with the automatized ManNa Pure Compact Instrument (Roche Diagnostics, Bassel, Switzerland) by using Magna Pure Compact Nucleic Acid Isolation Kit I, according to the protocol ''Total NA Plasma 100 400 V3 1''. DNA is eluted in a final volume of 50 mL and frozen at 280uC until qPCR.
Quantification of cfDNA by Real-time quantitative PCR (qPCR)
Serum DNA was measured using a real-time quantitative PCR (qPCR) assay using a Light-Cycler 480 Real-Time PCR instrument (Roche Diagnostics, Bassel, Switzerland). We quantified SRY gene as an specific chromosome Y gene and beta-globin gene as a control of general damage or patient suffering [5, 14] . qPCR analysis was performed by 59 nuclease assay (hydrolysis probes assay). Two microliters of DNA were amplified in a final volume of 20 mL by using LC480 ProbesMaster Kit (Roche Diagnostics, Bassel, Switzerland) according to the manufacturer instructions. The b-globin hydrolysis probes system consisted of the amplification primers beta-globin Forward (59-GTG CAC CTG ACT CCT GAG GAG A-39), beta-globin-Reverse (59-CCT TGA TAC CAA CCT GCC CAG-39), and a dual-labeled fluorescent hydrolysis probe betaglobin-(59-(FAM) TCT GGC CAA GTT TCA ACT CTG CTC GCT -39 BBQ) and the SRY hydrolysis probe system consisted of the amplification primers SRY Forward (59-TGGCGA-TTAAGTCAAATTCGC-39), SRY Reverse (59-CCCCCTAGTACCCTGACAA-TGTATT-39) and the SRY hydrolysis probe (SRY (FAM) AGCAGTAGAGCAG-TCAGGGAGGCAGA -39 BBQ). qPCR It is performed at 95uC 50 and 62uC 200 for 48 cycles. Final size of the amplicon was 102 bp for b-globin and 127 bp for SRY. The standards for the calibration curve based on dilutions of genomic DNA Control Kit (Roche Diagnostics, Bassel, Switzerland).
Statistical Analysis
Statistical analysis was performed using the Statistical Package for the Social Sciences software package (SPSS 11, Chicago, IL, USA). For comparisons among more than two continuous variables a Kruskall Wallis test followed by the Dunn's Multiple Comparison test for post hoc intra-group analysis were used.
Results
Circulating beta-globin levels of patients after liver transplantation
Six patients accepted the graft without any complications during their stay at ICU. Beta-globin cfDNA was measured as a control of general damage or patient suffering. In Fig. 1 we observed beta-globin mean values during the first week after surgery of these patients. cfDNA levels from samples taken during surgery, at the moment of organ reperfusion, showed a great increase that diminished until patient stabilization. The comparison of the decrease in beta-globin levels between this group of patients and patients who suffered some kind of posttransplantation complications during the first two weeks after transplantation shows a clearly different profile (Fig. 2) . Thus, during the first 3 days of follow up, the beta-globin levels in patients with complications were more variable and did not rapidly diminish as did the other group.
Circulating SRY levels and beta-globin levels of female patients after a male liver transplantation SRY gene levels should provide more specific information about the acceptance of the graft than beta-globin levels, a general biomarker of cell damage. We followed up two female patients that suffered re-transplantation due to complications during the first weeks after the first liver transplant (patients 9 and 10). Fig. 3 A shows a woman who underwent a liver transplantation from a male donor and retransplanted after two months from a female donor due to hepatic veins thrombosis complication at day three after transplantation. This patient showed an early peak of both genes at day 0 that immediately disappeared. On the day of hepatic failure (day 3), the levels of beta-globin greatly increased in this patient due to general clinical damage. Besides, SRY cfDNA levels also increased after the hepatic veins thrombosis as a reflection of the organ failure. After one week, the patient was stabilized and became better and routine liver biomarkers aspartate aminotransferase (GOT), alanine aminotransferase (GPT) and bilirubin levels diminished (Table 2 ). Due to the liver venoocclusive disease, the patient developed refractarius ascites (diagnosed by liver biopsy) and she was included in waiting list to liver retransplantation. After two months a female liver was transplanted and, as expected, SRY gene amplification was not detected. During the follow up after the second transplant the patient suffered a moderate acute graft rejection (grade II) on day eight after the second transplantation. A lytic hepatocellular lesion was detected, which was attributable to damage from organ reperfusion and revascularization. The patient satisfactorily responded to immunosuppressor therapy and finally accepted the donated organ. As illustrated in fig. 3A and Table 2 , an increase in beta-globin levels was observed as early as two days before graft rejection diagnosis. Bilirubin levels were also elevated at this time point. However, GPT values slightly increased on the same day of graft rejection. The opposite case is observed in fig. 3B , a woman who underwent a liver transplantation from a woman donor and re-transplanted from a male donor due to a hepatic artery thrombosis during surgery. This patient suffering artery thrombosis after first transplantation of a female liver showed an increase in betaglobin gene levels but not in SRY gene ones. High GPT and bilirubin values were observed during this period of time (Table 3) . After a second successful transplantation at day 9, SRY amplification peak at day 0 was observed. This patient suffered a biliary peritonitis during re-transplantation showing a more evident increase in beta-globin levels at day 2 of the second transplantation. These data were observed as being parallel with rising values of total bilirubin levels ( Table 3) . After one week of re-transplantation, an increase in beta-globin levels was also observed probably due to the infection of surgical wound. However, as the liver was not damaged either by the biliary peritonitis nor the surgical infection, SRY gene level did not increase during the complete follow up of the patient.
All patients showed an increase in SRY levels at the moment of transplantation that decreased until patient stabilization. Fig. 4 shows SRY levels in six patients after successful male liver transplantation without any additional complications during recovery at ICU. The early high increase in SRY levels also dropped until basal levels a few days after surgery.
Two patients had serious complications after the liver transplantion, patient 7 was urgently re-transplanted 48 h after the first surgery, and patient 8 suffered a sustained choleostasis that finally led to the patient's death. Fig. 5 shows the profile of SRY and beta-globin levels of these two patients with severe complications. Patient 7 suffered cirrhosis due to a co-infection of hepatitis B virus (HBV) and delta virus. Fig. 5A shows high levels of beta-globin gene levels and SRY gene after the first transplantation that decreased after the second. The first transplantation failed due to an arterial thrombosis during surgery and high increases in both SRY and beta-globin gene levels are shown until day two. Routine liver biomarkers GOT and GPT were also highly increased ( Table 4) . The patient underwent an acute re-transplantation at this moment also from a male donor and circulating cfDNA from both genes diminished. However, after one week of follow up, both biomarkers were a slightly elevated when compared to other patients (Day 6 after re-transplantation: beta-globin levels 5370 ng/mL and SRY gene levels 5446 ng/mL) due to complications with the drainage of the biliary conduit. Besides, bilirubin levels also rose over normal values after the second transplantation (Table 4) .
Liver transplantation was successful for patient 8, showing low levels of SRY gene during most of the first weeks after surgery ( fig. 5B) . However, the betaglobin levels continued to be elevated due to a sustained biliary complication that was endoscopically treated and patient 8 clinically improved after two weeks of surgery. The patient was discharged on day 23 after transplantation. During this period, liver biomarkers GOT and GPT, and choleostasis biomarkers (bilirubin Fig. 3 . Serum SRY gene and beta-globin gene circulating levels in two re-transplanted female patients. Concentration of serum SRY gene and betaglobin gene circulating levels in two female patients who underwent two consecutive transplantations, one sex-mismatched donor-recipient and the other sex-matched. A) woman who underwent a liver transplantation from a male donor and re-transplanted from a female donor due to hepatic veins thrombosis complication. B) woman who underwent a liver transplantation from a woman donor and re-transplanted from a male donor due to a hepatic artery thrombosis. PT: pre-transplantation sample before organ reperfusion. doi:10.1371/journal.pone.0113987.g003 levels) were diminishing until she was discharged from ICU (Table 5) , although beta-globin levels continues to be elevated. She was re-admitted to the ICU because of sepsis caused by biliary obstruction on day 28 and, finally, a cholestasis was diagnosed that developed a multi-organic failure on day 37. Bilirubin levels were persistently elevated after this point (Table 5) . Beta-globin gene levels increased even more at this time point (from 6740 to 8100 ng/mL). Besides, SRY levels that were undetectable during the prolonged stay at ICU were highly increased at the moment of multi-organic failure (1414 ng/mL). The progressive deterioration of the patient at ICU finally led to her death 79 days after transplantation.
Discussion
Nowadays, cfDNA has become a promising tool in diagnosis, prognosis and monitoring of different human pathologies [15] . Cell death has been generally accepted to be an important cause for the release of DNA into the plasma [16] . In this way, some authors have hypothesized that the measurement of donor-derived cfDNA in the plasma of transplant recipients might be used for monitoring graft injury [17] . This hypothesis has subsequently been shown to be correct by different independent workers [6] [7] [8] [9] [10] [11] . However, the usefulness of this strategy depends on the ability to design molecular assays that allow the detection of donor-specific cfDNA sequences with approaches that provide information to clinicians in a short period of time in order to close monitoring graft health. In this work we used Y-chromosomal markers to evaluate liver transplantation in a setting in which the donor is male and the recipient is female. This same strategy has been previously reported in some patients under renal transplantation [11] . Beta-globin gene cfDNA is a good biomarker of general damage or deterioration of the patient [5, 14] . During transplantation process many possible complications ranking from infection, biliary obstruction to acute rejection, may occur and compromise transplantation success. Although in this work a low number of patients were studied, we observed a diminishing profile of this biomarker when there is no complication after liver transplantation while a more variable pattern of beta-globin cfDNA during the first 72 hours was observed when patients suffered some kind of post-transplantation complications.
After liver transplantation several non-rejection complications can increase the values of commonly used liver function tests that are used as rejection biomarkers. This approach of quantifying cfDNA might be helpful and more specific than routine liver biomarkers. In our opinion, beta-globin gene circulating levels is an Aspartate aminotransferase (GOT); alanine aminotransferase (GPT). unspecific biomarker of cellular damage and does not distinguish between specific graft damage and any other complication during the stay at ICU. The other gene quantified, SRY gene, is shown to be more specific when reflecting liver damage. With the purpose of distinguishing between general and specific damage, we evaluate two patients that underwent re-transplantation, one sex-mismatched donor-recipient and the other sex-matched. One patient underwent a first liver transplantation from a male donor and a second transplantation from a female one (patient 9) while the other patient was transplanted with a male organ and subsequently with a female one (patient 10). Beta-globin increased levels were observed both when the donated organ was damaged and when any other transplantation associated complications occurred. Detectable levels of SRY gene were only observable when patients suffered transplantation from a male donor. Our results show that SRY is a specific marker of transplanted liver. Thus, when the liver comes from a female donor even if there is a liver damage, with clear increases of beta-globin levels, SRY cfDNA always shows undetectable values. That is the case of patient 9 who suffered a moderate acute rejection of a female organ, showing increased beta-globin levels at day eight but with undetectable levels of SRY gen. Even though the patient had received a male liver in the first transplantation two months before, SRY levels were not detectable at any point due to the rapid clearance of cfDNA [18] . Thus, cfDNA has been generally described as a biomarker of acute processes. An interesting case is patient 8. During the patient follow up the cholangitis suffered during her stay at ICU resulted in a multi-organic failure. At this point the patient exhibited high levels of both genes, with an increase in SRY levels of 1414 ng/ml. Therefore, determination of SRY circulating levels in addition to another non-specific biomarker such as beta-globin levels may allow us to distinguish between specific graft injury and general patient damage.
Even if beta-globin levels may not be the best biomarkers in monitoring liver transplantation, we consider the evidence that low levels of beta-globin circulating gene were always followed by a good patient evolution as interesting. Different complications that do not compromise donated organ showed incrased betaglobin levels but no SRY gene levels, as occurred with patients 8 and 10. Thus, patient 8 shows sustained levels of beta-globin circulating gene during the complete follow up, in concordance with her persistent health deterioration that ended in patient death. However, liver biomarkers and choleostasis biomarkers were diminishing since transplantation and patient temporarily left the hospital, being readmitted due to a general health worsening. Moreover, at the moment of multiorganic failure, although bilirrubine levels were elevated, routine liver biomarkers (GPT and GOT) did not shown any increase Patient 10 suffered a biliary peritonitis during re-transplantation and maintained continuously increased beta-globin cfDNA accompanied of rising values of total bilirubin levels. As a consequence of a surgical wound, an increase in beta-globin levels was detected after one week of re-transplantation. As expected, this lesion did not affect routine liver biomarkers. As either biliary peritonitis or the infection of surgical wound do not compromise donated organ, SRY gene was not detected during the complete 44 days of follow up.
The limitation of this strategy is that it only allows us to work in the subset of transplantation cases with sex-mismatched donor-recipient configuration. However, determination of chromosome Y genes in a female recipient's serum, as SRY gene, turns out to be a clear and specific biomarker of donated organ. Therefore, this specific subset of patients may give us important information about graft health in a short period of time, less than three hours, by a nonexpensive technique, with the possibility of it being mechanized. This approach may permit clinicians to maintain a close follow up of the transplanted patient. In a recent publication Snyder et al have reported the determination of graft integrity by DNA sequence methods [6] . The main advantage of this method is that it can be used for all genetically non-identical donor-recipient. However, this method is more expensive and too time consuming to be clinically useful for patient monitoring. In addition, the relative complexity of bioinformatics analysis, and the need of qualified technical workers may be another disadvantage when compared with conventional PCR-based detection strategies.
We address an absolute quantification of organ derived cfDNA with qPCR assay instead of a relative quantification. While the strategies based on sequencing measure the donor-derived cfDNA as a fraction of the total cfDNA in plasma [6] , an approach based on PCR can measure an absolute concentration of donorderived cfDNA in plasma [11, 19] . The measurement of the donor-derived cfDNA as a fraction may be a disadvantage when trying to improve sensitivity as total plasma cfDNA as well as the donor-derived cfDNA will be increased when compared with approaches based only on the detection of the absolute concentration of donor-derived cfDNA [20] .
Other authors have measured the percentage of plasma circulating graft DNA in relation to that from the recipient by digital PCR [7] . This technique involves pre-amplification followed by conventional real-time PCR of cfDNA and it attempts to detect heterologous single nucleotide polymorphisms that are used for quantification of graft derived cfDNA as a percentage of total DNA. They reported on identifying both the early rejection and the vascular causes of graft damage at reasonable costs and within a working day. However, the devices that are capable of doing automated digital PCR are not always available in clinical laboratories. Even though this technique is less expensive than sequence based ones, it still cannot be considered cost-effective and suitable for instauration in the routine transplantation monitoring at many hospitals. In the present work, we propose a feasible cost-effective approach (20J/patient determination) that can be carried out in a short period of time (less than 3 hours) that may be suitable for a subset of patients On the other hand, some authors have suggested that different organs might release different amounts of DNA into the plasma [21] . Therefore, one would predict that the diagnostic threshold concentration for detecting rejection would need to be established individually for different types of organ transplantation. Although we have a low number of patients to establish safe thresholds for liver transplanted patients, our results suggest that amounts of less than 150 ng/mL SRY cell-free circulating concentrations reflect no compromising situation in the organ. Thus, mean value of SRY gene circulating levels of patients without any complications was 133.2¡49.6, being 87% of the cases under the mean value.
It has been proposed that increases in organ specific cfDNA during the reperfusion phase after transplantation should be evaluated in order to examine whether these early measurements and the dynamics in the decline of these concentrations, as they may reflect the severity of organ damage [7] . The grade of ischemia/reperfusion damage is still not clearly associated to ultimate long-term graft outcomes. In the present study the number of patients included did not allow us to establish a relationship between the early SRY gene circulating levels during reperfusion and the outcome of liver transplantation. Besides, it might be biased when an intra-surgery sample is collected, because during the surgery some patients receive hemoderived transfusions and may cause inter-patient variation of cfDNA when compared with non-transfused ones.
CfDNA has become an important tool for early diagnosis in many pathologies by replacing proteomic approaches for genomic ones. Thus, an exciting approach is also the ability to use direct sequencing of plasma cfDNA to identify the mutations in cell-free tumor DNA, effectively transforming a blood sample into a ''liquid biopsy.'' [22] . In this context, monitoring graft health by specific organ cfDNA has turned out to be a non invasive and advantageous approach. Further research should be performed in order to find an organ genomic signature longer than an SNP to get robust quantification in a short period of time and with easily available techniques as occurs with SRY gene detection. This approach may be helpful to detect and possibly prevent early liver rejection and in the future, it may have the potential to complement or possibly even replace other approaches used for post-transplant monitoring. Thus, personalized monitoring by measurement of specific organ cfDNA may be an effective tool to accomplish personalized immune-suppression as well as rejection monitoring for earlier intervention and prevention.
